Study objectives: Diagnosing asthma is not always easy, and there are times when objective tests can be helpful. The extent to which these tests alter the probability of asthma depends on how much more commonly the test result is positive in subjects with asthma compared to healthy subjects and particularly subjects with conditions that are commonly confused with asthma. We set out to compare the sensitivity and specificity of different tests in this setting. Design: Single-center, cross-sectional, observational study. Setting: Teaching hospital. Patients: Twenty-one healthy control subjects, 69 patients with asthma, and 20 subjects referred to the hospital with a diagnosis of asthma who were found to have alternative explanations for their symptoms (ie, pseudoasthma). Interventions: We measured methacholine airway responsiveness, the maximum within-day peak expiratory flow amplitude mean percentage (derived from twice-daily readings for > 2 weeks), the FEV 1 /FVC ratio, the percentage change in FEV 1 10 min after the administration of 200 g inhaled albuterol, and the differential eosinophil count in blood and induced sputum. We derived normal ranges (from the 95% upper or lower limit for healthy subjects), sensitivity, and specificity (ie, the percentage of subjects with pseudoasthma who had negative test results). Results: Most tests were less specific when the reference population was composed of subjects with conditions that can be confused with asthma. Methacholine airway responsiveness and the sputum differential eosinophil count were the most sensitive (91% and 72%, respectively) and specific (90% and 80%, respectively) tests. 
D
iagnosing asthma is not always easy, and there are times when objective tests can be helpful. The extent to which these tests alter the probability of asthma depends on the validity of the test, or how much more commonly the test results are positive in subjects with asthma compared to healthy subjects and particularly subjects with conditions that are commonly confused with asthma. Few studies have compared the sensitivity and specificity of different tests in patients with asthma, and none have done so using a reference population of subjects with conditions that are confused with asthma.
The most common strategy that is employed to support a clinical diagnosis of asthma is to demonstrate the presence of an abnormal, short-term, variable airflow obstruction. Spontaneous variable airflow obstruction can be assessed using peak expiratory flow (PEF) monitoring at home, 1 or treatment-induced variable airflow obstruction can be assessed in the laboratory by measuring the bronchodilator response to ␤ 2 -agonists or the bronchoconstrictor response to short-acting airway smooth muscle spasmogens such as methacholine. 2 We have compared the validity of these markers of variable airflow obstruction with the FEV 1 /FVC ratio and the blood and induced sputum differential eosinophil count in 21 healthy control subjects, 69 patients with asthma, and 20 subjects who were referred with a diagnosis of asthma and who were found to have alternative explanations for their symptoms (ie, pseudoasthma).
Materials and Methods

Subjects
Patients and control subjects were recruited from among patients attending the Department of Respiratory Medicine, staff, and volunteers. Healthy control subjects had no symptoms suggesting past or current asthma and were nonsmokers. Subjects with asthma had consistent clinical features, were symptomatic at the time of the investigations, had FEV 1 values of Ͼ 65% of predicted, and had one or more of the following conditions: a provocative concentration of a substance (methacholine) causing more than a 20% fall in FEV 1 (PC 20 ) of Ͻ 8 mg/mL; a Ͼ 15% increase in FEV 1 10 min after receiving 200 g inhaled albuterol; or a Ͼ 20% maximum within-day variability of PEF when measured twice daily for Ͼ 14 days. Thirty-seven subjects had mild episodic asthma requiring therapy with ␤ 2 -agonists only as required, and 32 subjects had persistent asthma requiring additional regular inhaled corticosteroid treatment (mean daily beclomethasone equivalent dose, 550 g). No subjects were receiving additional treatment (ie, therapy with long-acting ␤ 2 -agonists or leukotriene receptor antagonists). Pseudoasthma was diagnosed in subjects referred to the hospital with a diagnosis of asthma by a primary-care physician in which the clinical features were considered to be atypical, the symptoms did not deteriorate following the withdrawal of asthma therapy, and symptoms improved following the specific treatment of the underlying condition. The criteria used to make the primary diagnosis and determine the management of subjects with pseudoasthma are shown in Table 1 . Subjects were fully characterized and assigned to the appropriate group prior to study entry. Subjects gave full informed consent to participate in the study. The protocol was approved by the Leicestershire Health Authority Ethics Committee.
Study Design
This was a single-center, cross-sectional observational study. Subjects attended the study center on 2 days that were separated by at least 14 days. On the first day of attendance, spirometry, allergen skin prick tests, and peripheral blood eosinophil counts were performed, and the subjects were asked to record twicedaily PEF values. On the second day of attendance, a methacholine inhalation test was performed followed by sputum induction after recovery from the test. All laboratory measurements were performed by a blinded observer. Subjects with asthma contin- ued to receive their usual treatment throughout the investigation period, although short-acting ␤ 2 -agonists were withheld for 6 h before the measurement of airway responsiveness. Subjects with pseudoasthma were studied at least 1 month after stopping all asthma medication.
Methods
Spirometry was undertaken using a rolling seal spirometer (Vitalograph; Buckingham, UK), and measurements were recorded as the greater of successive readings within 100 mL. Spirometry was repeated 10 min after the administration of 200 g inhaled albuterol. Allergen skin sensitivity was measured by skin-prick test reactions to Dermatophagoides pteronyssinus, cat fur, grass pollen, and Aspergillus fumigatus solutions, compared with those to normal saline solution and histamine controls (Bencard; Nottinghamshire, UK). Atopy was defined as a wheal reaction of Ͼ 2 mm more than that for the control. The blood differential eosinophil count was performed using standard hematologic techniques. PEF was measured twice daily for 14 days as the best of three blows using a mini-Wright peak flowmeter (Clement Clarke Ltd; London, UK). Airway responsiveness was measured using the tidal breathing method. 2 Sputum was induced using nebulized hypertonic saline solution and was processed using dithiothreitol (Sigma; Poole, UK) as previously described. 3 The differential inflammatory cell count was performed by counting 400 cells after cytospin and staining with Romanowsky stain.
Analysis
The maximum PEF amplitude percent mean (A%M) was derived from the maximum within-day variability observed over the 14-day period preceding the second visit as the difference between the highest and lowest PEF values and was expressed as a percentage of the mean PEF. 4 The methacholine PC 20 was calculated by linear interpolation of the log dose-response curve. 2 Spirometric values, the percentage increase in FEV 1 after receiving inhaled salbutamol, and the blood differential eosinophil differential cell count were described as the mean and SEM. The methacholine PC 20 , the maximum PEF A%M, and the sputum differential eosinophil counts were log normally distributed, were log-transformed, and were described as the geometric mean and log SEM. Sputum eosinophil counts of 0% were assigned a value of 0.1% to facilitate the log transformation. The upper or lower limits of the normal range that were derived from healthy control subjects were calculated as the mean Ϯ 1.725 ϫ SD. Sensitivity, specificity (with 95% confidence intervals), positive and negative predictive values, accuracy, and likelihood ratios were calculated as suggested by Greenhalgh. 5 
Results
Subject details are shown in Table 2 . The primary diagnosis among the subjects with pseudoasthma was rhinitis (five subjects), unexplained dry cough (four subjects), gastroesophageal reflux (three subjects), chronic bronchitis and/or mild bronchiectasis (three subjects), hyperventilation syndrome (two subjects), postviral cough (two subjects) and obstructive sleep apnea (one subject). Subjects had received asthma treatment for a median duration of 2 years (range, 0 to 29 years). At the time of referral, most subjects were in British Thoracic Society treatment stages 2 to 4, but three subjects were receiving regular oral prednisolone therapy.
Normal ranges and the distribution of individual values for FEV 1 /FVC percent, PEF A%M, bronchodilator response, methacholine PC 20 , and the sputum and blood eosinophil counts are shown in Table  3 and Fig 1, 2 . The sensitivity, specificity, positive and negative predictive values, accuracy, and the likelihood ratios of a positive or negative test result are shown in Table 3 . Most tests were less specific when the reference population consisted of subjects with pseudoasthma. The methacholine PC 20 and the sputum eosinophil count were the most sensitive (91% and 72%, respectively) and specific (90% and 80%, respectively) tests (Table 3 ; Fig 1, 2) . None of the subjects with asthma had the combination of normal airway responsiveness and normal sputum eosinophil count, and none of the subjects with pseudoasthma had abnormal results for both of these tests. The sensitivity of the bronchodilator response (37.5% vs 59%, respectively) and the sputum eosin- ophil count (62.5% vs 81%, respectively) tended to be less in subjects with asthma treated with inhaled corticosteroid therapy, although the differences were not significant. There was no evidence that treatment altered the validity of the other tests.
Discussion
This is the first study to derive normal ranges for results and to compare the validity of different tests with reference population that has conditions that are confused with asthma (ie, pseudoasthma). Our findings indicate that in adults with asthma who have normal or near-normal spirometric values the methacholine challenge (ie, methacholine PC 20 ) and the sputum differential eosinophil count are the most valid tests and, by implication, are the most clinically useful for discriminating patients with asthma from subjects with pseudoasthma. The acute bronchodilator response to inhaled albuterol and the PEF A%M derived from twice-daily PEF readings were no more valid than the identification of an obstructive spirogram for this purpose.
Making the distinction between asthma and pseudoasthma is an important problem in secondary and tertiary care. A study 6 showed that 160 of 263 subjects referred to a tertiary referral center with suspected asthma received an alternative diagnosis and that many had received prolonged treatment with potentially toxic therapy before the correct diagnosis was reached. Our subjects with pseudoasthma had a range of conditions that was similar to that described in this study, and, thus, they are likely to be representative of a wider population with conditions that are commonly confused with asthma.
As with many studies investigating the validity of diagnostic tests, we studied subjects about whom there was little pretest diagnostic doubt after specialist review, so our findings may not be relevant to the situation in a specialist clinical practice. However, our rank order of validity of the various tests may help clinicians to apportion appropriate weight to the results of tests that might be applied in this situation. A further potential problem is that we studied many patients with asthma who had received treatment, albeit those patients with persistent symptoms. However, there was no evidence that treatment with inhaled corticosteroids differentially influenced results in such a way as to have been responsible for the marked differences in test validity. Furthermore, our approach is most analogous to the situation in everyday clinical practice, in which many clinicians would be uncomfortable about stopping treatment before testing a symptomatic patient.
Our estimates of normal ranges for the FEV 1 /FVC percent, PEF A%M, and methacholine PC 20 are derived from a small number of healthy subjects but are similar to ranges reported from larger community-based studies. 1, 4, [7] [8] [9] Our estimate of the upper limit of the normal range for the acute bronchodilator response to inhaled albuterol is less than the 7.7% increase in FEV 1 after the administration of isoproterenol reported by Lorber et al, 9 probably because the latter study took no account of the healthy subjects who had a fall in FEV 1 after treatment. Our conclusion that methacholine PC 20 is the most sensitive marker of asthma is supported by a number of epidemiologic studies. Higgins et al 8 showed that methacholine airway hyperresponsiveness identifies twice as many subjects with physiciandiagnosed asthma than PEF A%M derived from readings made every 2 h for Ͼ 7 days, and Siersted et al 10 reported a sensitivities of 69% and 19.2%, respectively, for methacholine airway responsiveness and PEF A%M outside the normal range in a study of adolescents with asthma. The estimates of the sensitivity of methacholine airway responsiveness and PEF variability in these studies are less than those reported by us, probably because the diagnosis of asthma was less precise.
Studies of this kind are hampered by the lack of an accepted "gold standard" for the diagnosis of asthma. We adopted a pragmatic approach based on consistent clinical features and the presence of one or more markers of abnormal short-term variable airflow obstruction. Such an approach is widely recommended 6, 11, 12 and is endorsed by national and international guidelines. 13, 14 Our study could be criticized because we have compared the validity of tests that were included in our definition of asthma. However, our definition did not discriminate among the various markers of short-term variable airflow obstruction and, therefore, is unlikely to have biased our comparisons among these markers.
We studied subjects with mild asthma who had normal or near-normal spirometric values, so our findings might not be applicable to the 20% of subjects with asthma who have significant fixed airflow obstruction. 9 Previous studies have shown that there is considerable overlap between measures of airway responsiveness and PEF variability in subjects with smoking-related COPD and subjects whose fixed airflow obstruction is thought to have an asthmatic basis, suggesting that these markers of short-term variable airflow obstruction are less valid in this group. 15, 16 This is particularly the case with measures of PEF variability. 15 Measuring the bronchodilator response, trials of corticosteroid treatment, or direct assessment of airway inflammation might be a more satisfactory way of clinically categorizing these patients. Our subjects were adults with currently symptomatic asthma, so it may not be possible to generalize our findings to children, in whom the incidence of airway hyperresponsiveness in healthy control subjects is higher, 17 or to subjects with intermittent allergen-related or occupationrelated symptoms who may have normal airway responsiveness between attacks. 18 Our definition of a significant bronchodilator response is less stringent than the 15% improvement in PEF or FEV 1 that is quoted in national and international guidelines. 13, 14 Very few of our patients with asthma had a bronchodilator response of this magnitude, and, even with our less stringent definition, the bronchodilator response was not a particularly sensitive marker of asthma. Our findings are consistent with those of Lorber et al 9 who showed a sensitivity of 37% for an acute bronchodilator response to isoproterenol of 7.7% in subjects with asthma and a baseline FEV 1 response as a requirement for entry into a study. Our findings and the findings of others 7, 9 suggest that these subjects represent a highly selected subset and that the results of these trials cannot be generalized to a wider population of patients with asthma. This is particularly relevant to some influential trials of long-acting ␤ 2 -agonists 19, 20 in which the participants were not only highly selected, but were also particularly likely to respond to the study drug. The validity of the PEF A%M was particularly poor. The PEF is effort-dependent, and monitoring is patient-directed, so there may be more withinsubject variability in the results than in spirometric values that are measured by a trained technician. The results of a study using computerized PEF recorders with the capacity to store timed PEF readings has emphasized how inaccurately PEF is recorded. 21 It is possible that the validity of measures of PEF variability might be improved by increasing the frequency of measurements, 22 using different markers of variability, 10 or by incorporating postbronchodilator readings. 23 However, community studies 7, 8, 10 have shown that all markers of PEF variability that are derived from PEF readings taken as frequently as every 2 h are substantially less sensitive than methacholine airway hyperresponsiveness at detecting physician-diagnosed asthma. One of the particular problems with our marker of PEF variability was the loss of specificity when the reference population was composed of subjects with pseudoasthma. Many of these subjects had conditions that are associated with upper airway dysfunction, 24 and it is possible that false-positive PEF records were due to variable upper airway narrowing, since PEF can be reduced by upper airway obstruction. PEF monitoring can be useful in detecting airway narrowing in response to environmental stimuli, as occurs in occupational asthma, 25 and to guide self-management in subjects who perceive bronchoconstriction poorly. Our findings suggest that PEF monitoring has a limited role in supporting a clinical diagnosis of asthma.
Asthma is associated with eosinophilic airway inflammation 26 and an increased proportion of eosinophils in the sputum. 3, 27 The development of safe, simple, valid, and repeatable methods with which to assess airway inflammation using induced sputum has increased interest in the clinical role of monitoring airway inflammation. 3, [27] [28] [29] We have shown that the result of a sputum eosinophilia test is a valid marker of asthma and is more sensitive than that of a blood eosinophilia test. Similar findings have been reported by Pizzichini et al. 29 Interestingly, the combination of the presence of sputum eosinophilia and/or methacholine airway hyperresponsiveness was a particularly sensitive and specific marker of asthma. Larger studies are required to prospectively test this relationship, but our preliminary observations suggest a clinical role for measuring airway inflammation. The presence of sputum eosinophilia predicts a response to therapy with inhaled and oral corticosteroids in patients with asthma 30, 31 and COPD, 32 so information on airway inflammation also might provide a useful guide to further treatment.
In conclusion, we have shown that the methacholine PC 20 is the most sensitive marker of mild asthma and the only one able to discriminate asthma from pseudoasthma reliably. The presence of sputum eosinophilia was the next most valid marker, and the presence of methacholine airway hyperresponsiveness and/or the presence of sputum eosinophilia was particularly sensitive and specific. Our findings suggest that a more invasive approach to supporting the diagnosis of asthma would increase diagnostic accuracy and expedite the search for alternative causes for asthma-like symptoms.
